Portal hypertension is the main driver of cirrhosis decompensation, the main determinant of death in patients with cirrhosis. Portal hypertension results initially from increased intrahepatic vascular resistance. Later, increased inflow from splanchnic vasodilation and increased cardiac output lead to a further increase in portal pressure. Reducing portal pressure in cirrhosis results in better outcomes. Removing the cause of cirrhosis might improve portal pressure. However, this is a slow process and patients may continue to be at risk of decompensation. Additionally, for some chronic liver diseases, such as non-alcoholic fatty liver disease, etiological treatments are not yet available.
I. Introduction
Portal hypertension (PH) is the main consequence of cirrhosis and is the main driver of cirrhosis decompensation (1) . Cirrhosis decompensation is defined by the presence of clinical complications (ascites, variceal hemorrhage, encephalopathy) and constitutes the main determinant of death in patients with cirrhosis (2) .
PH results initially from increased intrahepatic resistance due to architectural distorsion and intrahepatic vasoconstriction (3) . At this stage, PH is mild but leads to increase in vasodilators in the splanchnic vasculature that result in increased portal venous inflow. This increased inflow leads to a further increase in portosystemic gradient and, once it surpasses a certain level (clinically significant portal hypertension), the patient becomes more susceptible to decompensation (4) .
Elimination of the underlying cause of cirrhosis may lead to a reduction in fibrosis and to an improvement in PH. For example, elimination of the hepatitis C virus has been associated with a reduction in portal pressure in patients with cirrhosis (5, 6) . However, once PH becomes clinically significant, it is unlikely to regress, at least in the short term, and the patient continues to be at risk of decompensation (6, 7) . Additionally, there are etiologies (e.g. non-alcoholic fatty liver disease) for which etiological treatment is not yet available.
Reducing portal pressure in cirrhosis, independent of elimination of the cause of liver damage, results in better outcomes (8, 9) . Therefore, there is still a need to develop therapies that reduce portal pressure by targeting its main pathogenic vascular mechanisms. For over 35 years, the mainstay of such therapy has been the use of nonselective beta-blockers (NSBB) that act by reducing portal venous inflow.
Recently, many drugs (mainly targeting intrahepatic mechanisms) have shown promise in pre-clinical and early clinical studies. The American Association for the Study of Liver Diseases (AASLD), at its yearly Industry Colloquium (January [19] [20] 2018) , invited members of the AASLD Portal Hypertension Special Interest Group (SIG) to participate in a symposium that had the objective of discussing novel therapies in PH from the perspective of clinical and translational investigators, with participation from regulatory professionals and industry partners.
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The objective of this position paper, as discussed in the symposium, is to propose a novel framework for the design of clinical trials (phase 1, 2 and 3) in patients with cirrhosis and PH and to prioritize novel targets and pharmacological therapies for PH.
II. Preclinical studies in portal hypertension
The initial mechanism in the pathogenesis of PH, an increase in intrahepatic vascular resistance, is due to a combination of structural changes (i.e., fibrosis, disruption of sinusoidal structure, microthrombi) and increased sinusoidal resistance (i.e. vasoconstriction) that results from increased contraction of activated hepatic stellate cells in the setting of increased vasoconstrictors and to dysfunctional endothelial cells with decreased production of vasodilators such as nitric oxide (NO) (3) . In response to intrahepatic changes and/or mild increases in portal pressure, splanchnic and systemic vasodilation and angiogenesis follow, leading to increased portal venous inflow and worsening of PH (10, 11) .
The complexity of PH is evident by the divergent actions of vasoconstrictive and vasodilating systems in the intrahepatic vs. the extrahepatic circulations. Vasoconstrictors such as angiotensin II and norepinephrine contribute to intrahepatic vasoconstriction (10) . Rho-kinase, a key pathway in the maintenance of basal vascular tone, is dysregulated in both the intrahepatic and the extrahepatic circulations; while in the liver it contributes to vasoconstriction, in the extrahepatic vessels contractility is almost completely lost leading to vasodilatation (10) . Conversely, availability of the vasodilator NO is reduced in the liver and increased in the extrahepatic tissues (3) . Due to these and other changes, even the strongest vasoconstrictors like angiotensin II or epinephrine fail to constrict extrahepatic vessels, while the intrahepatic vascular bed shows exaggerated contraction. Therefore, it becomes a major challenge to select systemic therapies for PH in cirrhosis because vasoconstrictors (that would target splanchnic vasodilatation) will worsen intrahepatic resistance and vasodilators (that would target intrahepatic vasoconstriction) will lead to systemic hypotension and its downstream deleterious consequences.
Systemic and splanchnic vasodilatation is a key component of the hyperdynamic syndrome in cirrhosis and is characterized clinically by low blood pressure and increased cardiac output. It not only leads to the development of clinically significant PH and portosystemic collaterals but is also responsible for sodium and water retention, all of which eventually lead to the development of clinical decompensation (12) . In a stage of further progression of liver disease, systemic hypotension develops mainly due to further vasodilatation and a relative decrease in cardiac output, leading to
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refractory ascites and hepatorenal syndrome (13) . Systemic hypotension on the one side and clinical immunological events (e.g. systemic inflammation, infections) on the other side lead to impaired organ perfusion and dysfunction, and the development of multiorgan failure in cirrhosis (the socalled acute-on-chronic liver failure) (14) . Therefore, the selection of targets could be different in compensated and decompensated cirrhosis depending on the objective of treatment ( Figure 1) . Table 1 
III. Pharmacokinetic (PK) and pharmacodynamic (PD) evaluation in portal hypertension clinical trials (Phase 1 and Phase 2)
PK studies are generally undertaken during Phase1b and/or Phase2a clinical trials. In addition to investigating PK in healthy volunteers, there should be close attention to understanding the compound's pharmacokinetic characteristics in hepatically impaired populations. Several pathophysiological changes which regularly occur in individuals with cirrhosis and PH can significantly impact drug disposition in this population ( 
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no involvement of the liver, or if a drug is gaseous or volatile and its active metabolite(s) are primarily eliminated via the lungs (24) .
PK studies can have a basic full study design, a reduced study design, or a population PK approach.
The basic full study design involves the entire Child-Pugh spectrum (at least 6 patients in each Child-Pugh category) and controls, whereas a reduced study design allows for the study to be limited to if altered hepatic function and/or PH are suspected to alter PD response. It is our understanding that the FDA is in the midst of revising its guidance for PK studies in hepatic impaired population. It is
possible that MELD score (rather than Child-Pugh classes) forms the basis for future PK studies in patients with cirrhosis.
Safety Monitoring in Cirrhosis and Portal Hypertension Clinical Trials
Monitoring for hepatic and extrahepatic toxicity is very important in drug development for cirrhosis and PH. Two important considerations in monitoring for hepatotoxicity are (a) challenges in biochemical monitoring as baseline aminotransferases and bilirubin may be abnormal and (b) due to lower functional hepatic reserve, patients may be at risk for rapid decompensation and death, even with injuries that are otherwise not as serious (for example, cholestatic liver injury) (28) . Patients with cirrhosis may be at risk for extrahepatic (off target) adverse events due to systemic pathological changes such as decreased plasma protein, altered volume of distribution, decreased skeletal muscle mass, decreased renal blood flow, and increased blood brain permeability, and altered gut permeability. Further, these patients may already be taking other medications and thus may be exposed to drug-drug interactions. Every study should have a well thought out plan for safety monitoring and stopping rules and the data safety and monitoring boards should include hepatologists with familiarity in drug safety and causality adjudication.
IV. Proof-of-concept studies (phase 2) trials in portal hypertension a) Selection of relevant population
Cirrhosis is subclassified in two main clinical stages, compensated and decompensated, each of them with different prognosis and different predominant pathogenic mechanisms and therefore different therapeutic targets (29 Compensated cirrhosis is sub-classified by the severity of PH into those with mild portal hypertension (MPH) and those with "clinically significant" portal hypertension (CSPH). These two stages are different not only in the degree of PH but also regarding their risk of progression to
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decompensation, the amount of hepatic fibrosis and the predominant pathogenic mechanisms.
While patients with MPH have a very low risk of decompensation, have less liver fibrosis (and thinner fibrous septa) and the main pathogenic mechanism is increased intrahepatic resistance, those with CSPH have a 4-times higher risk of decompensation than patients with mild PH (1), have more liver fibrous tissue (31) and, in addition to intrahepatic resistance, a main contributor to PH is increased splanchnic blood flow (4) . Because non-selective beta-blockers (NSBB) act by decreasing flow, the portal pressure response to NSBB is much lower in patients with MPH compared to those with CSPH (4).
Treatment of underlying disease, if possible, is the most effective and appropriate treatment at the compensated stage. In patients with mild PH, it is conceivable that this treatment (or antifibrotic treatment when available) could lead to regression to a non-cirrhotic stage or at least to halting the progression to CSPH. However, although treatment of the primary liver disease may slow progression to decompensation in patients with CSPH, the risk is not eliminated and a substantial number of patients remain with CSPH and at risk for decompensation. It is in these patients and in those for whom specific etiologic therapies are unavailable where measures to reduce portal pressure will be more important.
Decompensated cirrhosis is the symptomatic and shorter stage of cirrhosis. This stage is characterized by the presence of clinical complications, specifically ascites, variceal hemorrhage, encephalopathy and jaundice (although the latter is very rare as first decompensating event) (29) .
Median survival is 1.5 years (30) . The type and number of decompensating events is of prognostic importance as is the presence of further complications of decompensating events such as hepatorenal syndrome ("further" decompensation"). Decompensated patients have, by definition, CSPH. Although worsening vasodilatation and inflammation contribute to outcomes in these patients, PH still plays a major role as outcomes improve with reduction in portal pressure (8, 32) .
b) Measurement of portal pressure and definition of mild vs. CSPH
The hepatic venous pressure gradient (HVPG) is the main method used to measure portal pressure.
It consists of the percutaneous catheterization of a hepatic vein (mostly via the transjugular route)
with measurements of the wedged hepatic vein pressure (WHVP) and the free hepatic vein pressure (FHVP) (33) . The WHVP is obtained by either advancing the catheter until it is wedged in the most distal portion of the hepatic vein or, preferably, by inflating a balloon at the end of a catheter in a more proximal portion of the vein. It is a measure of hepatic sinusoidal pressure and correlates closely with portal pressure in viral, alcoholic and non-alcoholic steatohepatitis cirrhosis where there
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This article is protected by copyright. All rights reserved. Non-invasive approaches to assess the presence of CSPH include measurements of liver stiffness with or without additional parameters such as platelet count and/or spleen size (34) . The presence of varices that have not bled or a history of variceal hemorrhage can be used to select candidates for studies of patients with CSPH. However, standard of care would require that some of these patients (those with moderate/large varices) receive therapies to prevent variceal hemorrhage (either NSBB and/or ligation) that could confound the interpretation of results. If included in a single study, patients with compensated and decompensated cirrhosis would require separate analysis.
c) Definition of HVPG response
Drugs identified in pre-clinical studies with a portal pressure-reducing effect (candidate drugs)
should be tested on their ability to reduce HVPG in patients with CSPH. Unfortunately, until now, there is not a single non-invasive test (e.g. Doppler, liver stiffness) whose changes correlate with changes in HVPG and that would be acceptable alternatives to paired HVPG measurements.
The magnitude of change in the HVPG required to predict that a drug has potential clinical utility in patients with CSPH is still controversial. In patients with a history of variceal hemorrhage, a decrease in HVPG to less than 12 mmHg or a decrease greater than 20% from baseline is associated with a significant reduction in the risk of recurrent hemorrhage, ascites, encephalopathy and death (8) . Reductions in HVPG >10% from baseline have been associated with a reduction in variceal development (35) , first variceal hemorrhage and death (9) .
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It is important to note that these threshold HVPG reductions apply to NSBB-based therapies, which act by decreasing portal blood inflow and may not apply to drugs that decrease intrahepatic resistance which, while decreasing portal pressure only modestly may have a mild effect in preventing bleeding, but by improving liver perfusion may have a more important effect on survival (16, 17) Importantly, using the most common cutoffs (reduction of HVPG to <12 mmHg or >20% from baseline) to classify patients in a dichotomous fashion into HVPG "responders" and "non-responders" may underestimate the value of a candidate drug. While "responders" have in fact been shown to have better clinical outcomes than non-responders, the definition lacks sensitivity as many patients not meeting these criteria may still have a good clinical response to therapy (36) . It would be unwise to rule out a potential therapeutic benefit for a drug that achieves a consistent decrease in portal pressure, even if this decrease in portal pressure does not reach the threshold used to define a good response.
On the other hand, preliminary analyses of a dynamic HVPG model obtained from patients with compensated cirrhosis without varices included in the timolol study, demonstrates that, at any time during follow-up, a 1 mmHg increase (or decrease) in HVPG is associated with a 1.19-times higher (or lower) risk of decompensation/death (95%CI:1.11-1.27) (37).
This model provides much more granularity to changes in HVPG and, if confirmed, a proofof-concept study could be powered on a pre-defined specific reduction in HVPG associated with a certain percentage reduction in decompensation in the patient population to be analyzed. Furthermore, if the proof-of concept study includes clinical outcomes, results could inform a potential effect size for a phase 3 trial.
d) Comparator to be used
In proof-of-concept studies that investigate the effect of a candidate drug on HVPG, the use of a placebo of the candidate drug(s) is mandatory.
If the investigational drug has a different mechanism of action from the standard of care (NSBB in patients with medium/large varices), patients on these drugs should be stratified separately to investigate the presence of a synergistic or additive effect of the candidate drug.
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e) Readouts other than HVPG to be investigated in proof-of-concept (POC) studies (Table 3)
Candidate drugs with a purported intrahepatic mechanism of action (i.e. reduction of intrahepatic resistance) may have a more important effect by improving liver perfusion while demonstrating an only modest effect on portal pressure. Therefore, analysis of these drugs should include quantitative tests of liver perfusion such as the indocyanine green clearance test, or breath tests that analyze clearance of ingested or injected markers.
Other readouts that should be prospectively collected are the development of clinical outcomes during the course of the study (clinically overt decompensating events) as well as potentially negative readouts such as reduction in mean arterial pressure or cardiac output or development of renal dysfunction, and other adverse events.
In addition, analyses that would support the purported mechanism of action of the candidate drug would be desirable as a correlation between the hemodynamic effect and mechanistic markers would support advancing to a phase 3 trial. These analyses may disclose useful biomarkers of the response to this specific drug.
As in any clinical trial evidence of hepatotoxicity or other adverse events should be collected in the knowledge that the study population (compensated cirrhosis) may have low tolerance to even mild adverse events.
f) Other considerations
-Duration of therapy: Depends on the proposed mechanism of action of the candidate drug. If it has direct vasoactive action, the HVPG response could be assessed acutely after a short period as has been demonstrated after the intravenous administration of propranolol (9) . However, it would be necessary to continue the drug and have a follow-up HVPG after longer administration to demonstrate that the effect is maintained and is not offset by compensatory mechanisms (as occurs with long-acting nitrates). Drugs targeting the structural component of the increased hepatic resistance (e.g. antifibrotic drugs) may take much longer (e.g., 12 months) to demonstrate HVPG reductions.
-Confounders such as concomitant treatment of underlying cause of liver disease (e.g.
weight loss, antiviral therapy), co-morbidities (e.g. alcohol use, cardiovascular
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disease) or treatment of co-morbidities that may affect HVPG (e.g. statins, vasoactive medications) should be considered.
In summary, POC studies in PH should include patients with cirrhosis and CSPH, with the main readout being a decrease in HVPG. Other readouts (positive and negative) and findings should inform the decision to move on to phase 3 trials.
V. Phase 3 trials in portal hypertension
Most clinical trials in PH have been directed towards treating or preventing variceal hemorrhage.
However, varices and variceal hemorrhage are not isolated events and they must be considered in the context of the presence (or absence) of other decompensating events (2, 12) . Therefore, the aim of clinical trials in PH should be to prevent, not only variceal hemorrhage, but any form of decompensation. Unfortunately, a paucity of data currently exists in this area, and RCTs are needed.
Trial design in patients with decompensated cirrhosis has been extensively discussed elsewhere (2) and we therefore focus the discussion on patients with compensated cirrhosis.
a) Primary endpoint
In agreement with the consensus achieved at the 2015 Baveno workshop on PH (2), the development of a decompensating event (ascites, variceal hemorrhage and/or encephalopathy)
should be the main primary endpoint in Phase 3 trials. Such composite endpoint provides certain advantages. Most importantly, the combination of clinical variables provides the most clinically relevant measure of clinical well-being. Additionally, in RCTS, a composite endpoint will enhance the ability to detect differences in outcomes. It should be noted that ascites is the most common first decompensating event (followed by variceal hemorrhage and encephalopathy (38) ). An objective and standardized definition of all these events is needed to adequately assess the main endpoint.
Ascites, or free fluid in the peritoneal cavity, should be documented by imaging techniques and confirmed by diagnostic paracentesis (which is otherwise indicated in patients first presenting with ascites), as clinical signs of ascites are not accurate (39) . Variceal hemorrhage should follow the definitions of the Baveno VI consensus conference (2) . "Covert" hepatic encephalopathy is difficult to detect outside of specialized dedicated units, and reproducibility of this diagnosis is low (40) .
Therefore, encephalopathy should be "overt" (at a minimum confusion and asterixis, or West Haven Grade ≥2) and documented by a physician to be considered an endpoint. Many patients with
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c) Use of a surrogate endpoint
Using an outcome surrogate is attractive for studies where a low event rate is expected within the study timeframe. A surrogate would not only reduce sample size and study duration but could also be considered appealing because it would be a substitute for a more severe clinical outcome.
Because patients with compensated cirrhosis have an overall low rate of decompensation (30, 38) , it
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has been suggested that changes in HVPG could be used as a surrogate endpoint to support the approval of new treatments for PH (within the FDA accelerated approval framework) (44)).
Although, as mentioned previously, demonstrating a decrease in HVPG is the main goal of phase II trials, several issues would need to be resolved before a drug could be approved based on HVPG response. First, the magnitude of HVPG response considered clinically relevant remains to be determined. Second, most of the data demonstrating an association between an HVPG decrease and a reduction in clinical outcomes were obtained in studies using NSBB (8) , drugs that decrease portal pressure by decreasing portal blood inflow, or in studies using treatments for etiology, such as alcohol abstinence and antivirals (6, 7, 45 
d) Feasibility of RCTs with clinical endpoints in patients with compensated cirrhosis.

The relevance of patient selection
The target population to evaluate drugs that would prevent decompensation is that of patients with cirrhosis and CSPH. However, among these patients the risk of decompensation varies widely.
Indeed, data from the cohort included in the timolol trial showed that for every mmHg increase in baseline HVPG there was a 13% increase in the risk of decompensation ( figure 3) (1). This indicates that setting the threshold HVPG for inclusion in the study at a level above that defining CSPH (10 mmHg), for example at 14 mmHg, would result in a higher rate of events in a shorter time period There are several non-invasive tools that could substitute for HVPG in its prediction of clinical outcomes in patients with compensated cirrhosis, including laboratory values and imaging-based techniques such as transient elastography. Unfortunately, these have not yet been well validated and will likely need to be disease specific since the association between these non-invasive tests and 
